Competitive interactions in complex mixtures of genotypes have rarely been studied despite their obvious importance in both natural and commercial populations. Here, we describe a procedure for the analysis of competition in tripartite mixtures of Drosophila melanogaster genotypes. We have utilised a substitution design coupled with a yield-density regression analysis which describes intra-and inter-genotypic competitive effects in terms of simple linear parameters. The experimental design allows any of the competitors to be considered as the primary or indicator genotype and also incorporates variation in the relative proportions of the two associate competitors. The regression parameters are used to derive estimates of the competitive pressure exerted by each associate on the indicator genotype and also the response or sensitivity of the indicator to the competitive pressure which it faces in mixed culture. The results indicate that the joint pressure exerted by the paired associate genotypes in trioculture is equal to the sum of the individual pressures of those associates. This additive relationship holds for a variety of indicator genotypes isolated from the Texas population and appears to be a general property of Drosophila competition. We identified one indicator genotype which consistently departed from this relationship although additivity of joint pressures could be restored in combination with particular associate genotypes. The possible role of larval interference in the determination of these interactions is discussed.
INTRODUCTION
The study of competition in Drosophila has long been appreciated and has involved the establishment of a variety of experimental designs. Perhaps the most generally applied of these is the substitution or replacement design of de Wit (1960) which allows for the yield-density regression analysis of competing genotypes. Generally, series of mixed cultures are raised, throughout which one genotype is progressively replaced by another. Mather and Caligari (1981) revised this method of analysis by including the monoculture as well as the duoculture series and this led to the independent estimation of intra-genotypic and inter-genotypic competitive effects. In combination these two parameters can be used to describe how genotypes exert competitive pressure or aggression on the one hand and respond to such aggression on the other (Mather and Caligari, 1983) . Hemmat and Eggleston (1988a) demonstrated that the aggression and response components of competition are separately adjustable by selection although they are not determined by independent arrays of genes. These and related studies, which have been based on the analysis of mono-and duocultures, assume an additive relationship between the aggression and response components. Although interaction of these components is rare in Drosophila competition experiments, a few examples have been recorded and these have generally been interpreted as the result of larval interference (Caligari and Mather, 1988) . Competitive interactions in D. melanogaster mixtures with more than two genotypes have rarely been studied, despite the importance of complex mixtures in both natural and commercial populations. Calgari and Mather (1984) investigated the competition among Drosophila larvae raised in trioculture in experiments which involved a primary or indicator genotype and two associate genotypes. Both indicator and associate genotype densities were allowed to vary, but in all cases equal numbers of the two associates were used. The results of these experiments suggested that the joint pressure or aggression exerted by the two associates in trioculture was the same as the sum of their individual aggressions in duoculture. That is, aggression behaved in a simple additive manner. This additive relationship was further improved when the relative proportions of the two associate genotypes surviving in trioculture were taken into account, rather than the initial (equal) proportions. That is, when competition between the paired associates themselves was excluded. However, this assumed additive relationship was based on the study of only three genotypes and the experimental design allowed only one or other of the associate genotypes to be considered as the indicator. The present investigation utilised a modified experimental design in which not only the total associate genotype density was varied, but also the relative proportions of the paired associates. In this way, any of the genotypes involved in the experiment could be considered as the indicator and thus provide a thorough test of the hypothesis of additivity.
EXPERIMENTAL DETAILS
The genotypes of D. melanogaster used in this experiment were three inbred lines (Ti, Ti9, T25), originating from the Texas population of D.
melanogaster. The origin of this material has been described by Linney eta!., (1971) and for all genetical characters so far investigated these inbred lines display a range of variation comparable to that found in the genetically segregating population from which they were derived. In addition, a series of long inbred strains created by the introduction of the body colour marker (y2) and the whiteapricot eye colour allele (Wa) to the same wild type strains (as described by Mather and Caligari, 1983) were used. The resulting strains were denoted by the prefixes y2 (y2Tl, y2T19 and y2T25) and a (Wa Ti, waTl9 and waT25). The use of three different phenotypes makes it possible to distinguish the indicator and associate competitors in duoculture and trioculture. Although the y2 allele has been shown to have a negligible effect on the outcome of larval competition, the a mutation does have a detrimental effect, possibly associated with a lowering of developmental rate (Eggleston, 1987 ). However, it should be noted that no equivalence of the variant genotypes, for example Ti, y2Tl and waTl is assumed or indeed, necessary, in these experiments.
Each competition experiment consisted of the following density series, where the figures represent the number of eggs seeded into the monoduo-and trioculture competition tubes. For all mixtures, the indicator genotype is denoted A and the associate genotypes B and C. In triocultures, the fixed density associate is given first and the variable density associate second. Whereas the design of the mono-and duoculture series is as described previously (Hemmat and Eggleston, 1988a) , and all cultures were individually randomised and incubated at 25±05°C. Two replicate experiments were raised to provide a source of error variation. The character P, the proportion of eggs successfully developing into adults (Calgari, 1980) was chosen to measure competitive success. Each value of P was transformed to an angle as described by Fisher and Yates (1963) .
For each indicator genotype, twenty-five regression coefficients were obtained, including bm, six bd and eighteen b1 (the suffices m, d and representing monoculture, duoculture and trioculture respectively). Each indicator genotype also yielded its own e value representing the competitive performance of that genotype at the reference density of N (120 eggs per culture). Values for the intra-genotypic competitive effect were estimated by subtracting the monoculture slope from the line of zero relationship (b0-b,,), and those for the inter-genotypic competitive effect by subtracting monoculture from duoculture or trio- described by Mather and Caligari (1983) and Caligari and Mather (1984) .
For each indicator genotype the validity of the linear regression model was confirmed by comparing residual regression and duplicate error variances. None of the variance ratios so obtained were significant. In addition to the competitive values and e-values, the mean aggression and response of each indicator genotype were estimated as well as their error variances, in duocultures and triocultures, using a diallel analysis as described by de Miranda and Eggleston, (1987) .
RESULTS
The results obtained from the mono-, duo-and triocultures throughout the experiment are given in table 1. Initially, estimates for intra-genotypic competition (b0 -bm) and inter-genotypic competition in duoculture (bd -bm) or trioculture (bbm) were obtained and used to calculate estimates of mean aggression and mean sensitivity. The former is the average competitive pressure exerted by an associate on an array of indicator genotypes and the latter is the average response of an indicator to the pressure it faces from an array of associates. The nature of the experimental design employed here is such that estimates of mean aggression and response may be obtained using either duocultures or triocultures. The triocultures, for example, were designed to behave analytically as duocultures in that the density of one of the paired associates was constant. This fixed density associate should, therefore, not affect the competitive interactions over the density series. Consider, for example, the inter-genotypic competition among three genotypes, an indicator (A) and two associates (B and C). If we remember that in the notation for triocultures, the genotype given first is maintained at constant density whereas that given second has variable density, then four estimates of inter-genotypic competition can be derived. Of these (bdB -bm) and (bf(cB) -bm)
should be identical, as should (bdc -bm) and (bt(B,c) -bm) subject, of course, to the limits of sampling variation. The use of this relationship as a test of the experimental design is feasible given the data in table 1, but is not straightforward. A Bartlett test revealed highly significant heterogeneity among the duplicate error variances for the nine indicator genotypes (x) = 5006; P<0001). Clearly, an analysis of variance over all nine genotypes would not be appropriate. A more suitable procedure is to compare estimates of mean aggression and mean response obtained from duocultures with those obtained from triocultures, using a non-parametric test. The duoculture and trioculture estimates should be the same apart from variation due to sampling error. The appropriate estimates may be compiled from table 1 but are not given here for the sake of brevity.
Using Spearmans test, highly significant rank correlations were found between duoculture and trioculture estimates of mean aggression (r = 0.92) and mean response (r=09O). Thus, as might be expected from the design of the experiment, the rank of each indicator genotype with respect to both parameters remained consistent between duocultures and triocultures. Clearly, the fixed density associate genotype does not affect the competitive interactions in trioculture and behaves as a simple constant over the density series.
A modified version of the technique of Caligari and Mather (1984) was employed in testing the additivity of aggression of the associate genotypes in trioculture. Their analysis involved the use of density series in which equal numbers of the paired associate genotypes were always used. It was proposed that the joint pressure or aggression exerted on the indicator by the paired associate genotypes in trioculture was equal to the sum of the pressures exerted individually by those associate genotypes. In the present experiment two types of trioculture exist for each pair of associates with one or other of the pair maintaining a constant density. If joint pressure behaves additively, as proposed above, then we can write the following relationship for the experimental design employed here:
Where, for example CAB is the inter-genotypic competitive effect of associate B on indicator A in duoculture and CA(8C) is the inter-genotypic competitive effect of the paired associates B and C on the indicator A; B having constant density and C variable density. The coefficients u and v are the proportions of the associate genotypes (B and C) which emerge following competitive interaction in both duoculture and trioculture. They therefore reflect the competition which takes place between the associate genotypes themselves and act as a more appropriate weight for the various competitive values than do the initial proportions of the associate genotypes with which the triocultures were initiated. Table 1 Regression coefficients estimating intra-genotypic competition (b) and inter-genotypic competition in duoculture (bd) or trioculture (be) for wild type, yellow and white-apricot indicator genotypes. In all cases the indicator genotype is denoted A and the associate genotypes B and/or C. The notation employed for triocultures is such that the first associate is maintained at constant density whereas the second associate has variable density (i.e., 6(Bc); associate B has fixed density, associate C has variable density). The remaining parameters are involved in the test of additivity of joint pressure from the paired associates. u and v are the relative proportions of the fixed and variable density associates obtained following competition in duoculture and trioculture. Only u is given but v may be obtained as (1-u). The parameter f is a test of additivity (see text for details) and its departure from zero is tested by Xi)-Levels of significance are shown as 005> P> 001; ", 001> P> 0001; 
Since each C value is equivalent to (bd -bm) or (btbm) and bm is the same for all C values within each indicator genotype, equation (1) Given the hypothesis of additivity of joint pressure as described previously, we should find that f=O within the limits of sampling error. In order to test this assumption, the variance off or V is required. Each competitive value in the derivation of f takes the form (bd -bm) or (b -bm). Although bm is a constant for each indicator genotype, the van-
ance of the competitive value must take into account the covariance of bd or b, with bm. The variances and covariances of the slopes are obtained as described by Mather and Caligari (1981) . The appropriate expression therefore takes the form:
where VE is the appropriate replicate error van- (3) ance. Using linear functions, the variance of f is derived as: Remembering that (u + v) = 1 and noting that 1 + u2+ v2 = 2(1 -uv).
This simplifies to:
Vf=4(l-uv){(Vb-Wbb)VEI.
(5) The deviation of f from zero can then be tested quite simply as: X1) =f2/ V1 as described by Caligari and Mather, 1984 .
AN EXAMPLE (6)
Taking the case where T19 is the indicator genotype with y2T25 and waTl as the associates, the slopes obtained from competition in duoculture (bd) and trioculture (b,) were as follows: By substituting these values in equation (3) we obtain f= 0009751.
Given that the variances and covariances of the appropriate slopes are Vb = OOOOO96787 and Wbb=O000017422 and that the duplicate error variance is VE = 22622720, we can substitute into equation (5) to obtain l'f=O.005386.
Thus, using equation (6) we obtain X1) 0176;
P>OO5. Clearly, in this example there is no evidence to suggest that f departs significantly from zero. In fact, the agreement is remarkably good.
The additivity test described above was (Hemmat and Eggleston, 1988b ). The quality and quantity of these metabolic products is a property of individual genotypes, as is the ability to counteract and detoxify these products.
Although such processes could perhaps account for the unusual behaviour of the triocultures in which y2Tl was the indicator genotype, it would be wrong to speculate in the absence of experimental results. Clearly, some aspect of the behaviour of y2Tl results in a departure from additivity of joint pressure and yet this departure can be overcome by the presence of T25 as an associate. The processes of larval interference and detoxification of metabolic residues would seem to be reasonable candidates for further investigation with respect to the complementary function apparently supplied by T25. This hypothesis might also account for the behaviour of the (y2Tl : TI: waTl) trioculture which also showed a restoration of additivity of joint pressure (table 1) .
Since each of these genotypes may be considered as identical, save for the incorporation of alternative phenotypic markers it may be that whatever metabolic residues are produced by the associates would not be toxic to the y2Tl indicator. Conversely, this genotype may be able to cope with its own (or putatively identical) residues, but not those of a more different genotype.
The results of these experiments demonstrate quite clearly the additivity of joint pressure for paired associate genotypes in the vast majority of triocultures. Together with the earlier results of Caligari and Mather (1984) they suggest that such additivity may well be a general property of competition in multiple genotype cultures of D.
melanogaster. This general property may be summarised as:
f [bfl, C, D,..., n) -baD -bdc -baD -. bjn] = 0 to show that the joint pressure exerted on the indicator by a mixture of n genotypes is simply the sum of the individual pressures of those n genotypes. It may, however, be unwise to extrapolate such a principle beyond larval competition in Drosophila without further experimental evidence. For example, results obtained so far indicate that aggression (a) and response (r) parameters tend to combine additively in Drosophila with only rare instances of interaction. However, the same is not true of competition in Lolium perenne (perennial ryegrass) where interaction of the parameters is much more apparent (Mather and Caligari, 1983) .
It would be of great interest to investigate the behaviour of joint pressures in an alternative organism such as this.
